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ABSTRACT

The thermal conductivity (A) of soils may vary by a factor of about
4 for a range of field soil water contents. Measurement of soil heat
flux (G) using a heat flux plate with a fixed A distorts heat flow
through the plates and in the adjacent soil. The objectives of this
research were to quantify heat flow distortion errors for soil heat flux
plates of widely contrasting designs and to evaluate the accuracy of
a previously reported correction. Six types of commercially available
heat flux plates with varying thickness, face area, and thermal conduc-
tivity (A,,) were evaluated. Steady-state laboratory experiments at flux
densities from 20 to 175 W m * were completed in a large box filled
with dry or saturated sand having A of 0.36 and 225 W m 'K ™. A
field experiment compared G measured with pairs of four plate types
buried at 6 cm in a clay soil with G determined using the gradient
technique. The flux plates underestimated G in the dry sand by 2.4
to 38.5% and by 13.1 to 73.2% in saturated sand while in moist
clay plate performance ranged from a 6.2% overestimate to a 71.4%
underestimate. Application of the correction generally improved
agreement between plate estimates and independent G measure-
ments, especially when A > A\, although most plate estimates were
still significantly lower than the actual G. Limitations of the correction
procedure indicate that renewed effort should be placed on innovative
sensor designs that avoid or minimize heat flow distortion and/or
provide direct, in situ calibration capability.

SOIL HEAT FLUX DENSITY (G) can be measured using
calorimetric, gradient, and combination techniques
(Kimball and Jackson, 1979; Fuchs, 1986; Sauer, 2002),
which require relatively intricate and accurate measure-
ments of soil temperature and thermal properties. Most
recent studies, however, have utilized heat flux plates
(also known as heat flow meters or heat flow transduc-
ers) to measure G. Soil heat flux plates are small, rigid,
disc-shaped sensors of known and constant thermal
properties that are placed horizontally in the soil near
the surface. The heat flux through a calibrated plate is
used to estimate G in the surrounding soil at the plate
depth. Credit for adapting the flux plate technique to
measure heat transfer in soils is given to Falckenberg
(1930). Dunkle (1940), Deacon (1950), Portman, (1958),
Philip (1961), Fuchs and Tanner (1968), and Mogensen
(1970) made significant contributions to the theory and
design of soil heat flux plates.

Several potentially significant errors can occur when
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using flux plates to measure G, including (i) heat flow
distortion near the plate, (ii) liquid water and vapor
flow divergence, and (iii) underestimates of G because
of poor thermal contact between the plate and soil ma-
trix (Philip, 1961; Fuchs and Hadas, 1973; Mayocchi and
Bristow, 1995). Heat flow distortion near flux plates
occurs because the plate is constructed of materials with
fixed thermal conductivity (\) under ambient conditions
while soil A is influenced by mineral type, particle size
and arrangement, organic matter content, bulk density,
and especially soil water content (de Vries, 1963; Far-
ouki, 1986; Bristow, 2002). Soil N may range from 0.2
to 1.6 W m ! K~! with varying water content in mineral
soils (Bristow, 2002). Philip (1961), in a theoretical ex-
tension of the study by Portman (1958), recommended
several considerations for flux plate design to minimize
heat flow distortion. Mogensen (1970) tested Philip’s
analysis and presented a more generalized form of Phil-
ip’s equation that describes the ratio between heat flow
through the meter of known dimensions and \ to that
in the soil:

GulG = 1/[1 — ar(l — NA\y)] [1]

where G,, is the heat flux density through the plate
(W m™2), a is an empirical factor related to plate shape,
r is a dimensionless factor equal to plate thickness di-
vided by the square root of the area of the plate facing
heat flow, and M\, is the thermal conductivity of the
plate. If \, \,,, the plate dimensions, and G,, are known,
Eq. [1] can be used to obtain a more accurate estimate
of the actual soil G.

Several studies compared the performance of differ-
ent flux plate designs under laboratory and/or field con-
ditions and the utility of the correction described by Eq.
[1] (Mogensen, 1970; Fuchs and Hadas, 1973; Howell
and Tolk, 1990; Watts et al., 1990; van Loon et al.,
1998). None of these studies were able to demonstrate
a universal application of Eq. [1] that accurately corrects
G,, measured with plates of differing dimensions and
An- The increasing frequency of G measurements in
general and popularity of the flux plate method in partic-
ular have led to the availability of several commercial
models of flux plates with widely varying dimensions
and \,,. The objectives of this research were to quantify
heat flow distortion errors for soil heat flux plates of
widely contrasting designs and to evaluate the accuracy
of the previously reported correction of Philip (1961).

MATERIALS AND METHODS
Theory

Carslaw and Jaeger (1959, p. 427) present a solution to
Laplace’s equation for steady-state heat conduction in an ellip-
soid (oblate spheroid) with a known thermal conductivity em-
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bedded in an infinite region having a different thermal conduc-
tivity. Philip (1961) assumed that the oblate spheroid approxi-
mated the shape of a heat flux plate and derived from this
solution the relationship (Philip’s notation):

f=

€

(2]
TN
1+(—-1) L U tan’l(1 )
L=m (1 —m)" m

where f = G,/G, € = \,/\, and m is the ratio of the length of
the minor to major axes of the oblate spheroid. The bracketed
term in the denominator is a function of plate geometry only
and was denoted H, for which Philip provides a full solution.
Philip then simplified this relationship by assuming that, if 7
is “small,” H can be adequately approximated by a single-
term power series expansion:

H(m) =1 — (7/2)n 3]

Philip then suggested that an appropriate dimensionless repre-
sentation of the plate geometry would be

r = TIA" [4]

where T is the plate thickness and A is the plate face area.
For the oblate spheroid,

r = (8/3m)" [5]
which, after substitution into the expression for H reduces to
H=1-170r [6]

For a thin square plate of side length L, combining Eq. [2]
and [6] leads to the following:

f= ! 7]

T
1—-170—(1 — ¢!
[

and, for a thin circular plate of diameter D:

f= . 5
- 192 (1~ &)

Mogensen (1970) rearranged and generalized Eq. [7] and [8]
for different plate geometries to develop the equation pre-
sented here as Eq. [1]. The values of « in Eq. [7] and [8] (1.70
and 1.92) were derived by Philip (1961) but have been the
source of some disagreement. Philip (1961) also calculated a
square plate o of 1.31 from Portman’s (1958) data, noting that
it was “a somewhat open question which of the values 1.31
or 1.70 is to be preferred” and further that “the discrepancy
is perhaps rather trivial” (p. 573). Mogensen (1970) and How-
ell and Tolk (1990) reported measured a values consistently
lower than the calculated values, ranging from 0.89 to 1.07.
Smaller « values would reduce G,/G estimates from Eq. [1],
effectively improving the apparent agreement between mea-
sured and predicted plate performance for plates that underes-
timate G.

Laboratory Experiment

Laboratory measurements were completed in a large box
consisting of a well-insulated 46 by 51 by 8.9 cm cavity filled
with dry or saturated sand in which known one-dimensional
heat flux densities were established. The sand was in direct con-
tact with a heat source plate on the bottom and heat sink

plate on top (both 1.27-cm-thick anodized aluminum). The
heat source plate had four heater windings distributed in
grooves on the underside of the plate through which current
was applied to develop a uniform plate temperature and the
desired temperature gradient through the sand. The heat sink
plate had cooling fins attached to the top to promote heat dis-
sipation. Both source and sink plates had five 0.254-mm-diam-
eter type E (chromel/constantan) thermocouples distributed
in grooves on the outer sides of the plates to monitor plate
temperature. The cavity was insulated on all four sides with 10-
cm-thick polystyrene insulation surrounded by 1.9-cm-thick
plywood to facilitate one-dimensional heat flow between the
source and sink plates.

Triplicate heat flux plates of six different types were evalu-
ated. The plates had thicknesses from 2.6 to 7 mm, face areas
from 4.9 to 27 cm?, and \,, ranging from 0.26 to 1.22 W m™!
K™! (Table 1). Plate \ values listed are those supplied by the
manufacturers, which were either estimated for the primary
plate material or measured in controlled laboratory settings.
Laboratory measurements were performed for 7 d at each
flux density of ~20, 40, 85, and 175 W m 2, first with dry sand
and then with the same sand after saturation with distilled
water. The sand was saturated by slowly introducing water
into the bottom of one corner of the cavity to minimize air
entrapment within the sand during wetting. The cavity was
not large enough to accommodate all plates simultaneously.
Thus, three separate experimental runs were completed: (i)
CN3, GHT-1C, HFT1.1, and 610 plates; (ii) HFPO1SC plates;
and (iii) HFT3.1 plates. The HFPO1SC plates, which have a
thin film heater to enable in situ calibration, were used in
passive mode in this study. Each run was completed using
identical procedures. At the beginning of an experimental run,
sand was added to the cavity in thin layers, leveled with a
concrete float, and packed in place by tapping the side of the
box. The plates were placed in the sand when the midpoint
(4.5 cm above the source plate) was reached, after which
sand was added until the cavity was filled. The sand used was
commercial grade quartz sand composed of 20.5, 68.9, 10.2,
and 0.4% coarse, medium, fine, and very fine sand (USDA
classification system). Bulk density of the sand after packing
the cavity was 1.75 Mg m .

Thermocouples (0.254-mm diam. copper/constantan) were
placed in the center of the cavity 1.5, 3, 4.5, 6, and 7.5 cm
above the source plate to measure the temperature profile
within the sand. Two line-source X probes (TC1, SoilTronics,
Burlington, WA) were installed during the first experimental
run to measure the sand A (Bristow, 2002). Thermal conductiv-
ity measurements were completed every 4 h, and sensor signals
were recorded on a datalogger (21X, Campbell Scientific, Inc.,
Logan, UT). Thermal conductivities measured with the line-
source probes for the dry and saturated sand were 0.36 and
2.25 W m~! KL These values were very close to the values
of 0.33 = 0.01 and 2.18 = 0.12 W m ! K™! (means = SD for
all runs) determined using Fourier’s Law:

G = —\oTloz 9]

where 97/dz is the temperature gradient (K m™') across the
sand layer as measured by the source and sink plate tempera-
tures and G was the known heat flux density through the sand.

All flux plate and thermocouple signals were recorded at
1-min intervals using solid-state thermocouple multiplexers
(AM25T, Campbell Scientific) and 21X dataloggers. Hourly
averages of the raw data were computed and stored for analy-
sis. After thermal equilibration was reached during each run
(~48 h), data from one continuous 24-h period were selected
for analysis. Mean data from each set of three plates for each
flux density were regressed against the known sand G using
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Table 1. Specifications of soil heat flux plates.

.2, NOVEMBER 2003

Model} Material(s) Shape Dimensions Thickness Thermal conductivity
mm Wm'K™!

CN3: phenolic, stainless steel rectangular 48 by 29 7 0.4
HFP01SC§ plastic, ceramic circular 80 5 0.8
GHT-1C| epoxy, glass/aluminum square 52 by 52 5.7 0.26
HFTL1.1# epoxy circular 38 3.9 1.0

HFT3.1# epoxy circular 38 3.9 1.22

6107+ glass/epoxy circular 25 2.6 0.33

T Names are necessary to report factually on available data; however, the USDA neither guarantees nor warrants the standard of the product, and the
use of the name by USDA implies no approval of the product to the exclusion of others that may also be suitable.

# Carter-Scott Manufacturing Pty. Ltd., Brunswick, Victoria, Australia.
§ Hukseflux Thermal Sensors, Delft, The Netherlands.

1l International Thermal Instrument Co., Del Mar, CA.

# Radiation and Energy Balance Systems, Seattle, WA.

1 C.W. Thornthwaite Associates, Pittsgrove, NJ.

weighted ordinary least squares regressions. Confidence inter-
vals (95%) about the regression slope estimates were deter-
mined to test whether plate G,, values were significantly differ-
ent from the known sand G.

Field Experiment

Pairs of four types of flux plates (GHT-1C, 610, CN3, and
HFT1.1) were installed at 6 cm in a bare clay soil near Ames,
IA in the summer of 2001. The soil at this site is mapped as
Canisteo series (fine-loamy, mixed, superactive, calcareous,
mesic Typic Endoaquolls) and had a particle size distribution
of 32% sand, 25% silt, and 43% clay. The flux plates were
installed in random order at 20-cm spacing along a north-south
transect. Plate installation was accomplished by excavating a
shallow trench, creating small slits in one sidewall just smaller
than the plate dimensions, and then inserting the plate into
the slit and backfilling the trench. Soil temperature profiles
were measured at two locations in the transect using thermo-
couples (0.511-mm diam. copper/constantan) at depths of 2,
4, 6,9, 12, 15, 20, and 25 cm. Duplicate three-needle heat
pulse sensors (Ren et al., 1999; Ochsner et al., 2001) were
used to measure soil A at 6 cm. The single point method of
Bristow et al. (1994) was used to calculate the soil A from the
heat pulse sensor data. Flux plate, thermocouple, and three-
needle probe signals were recorded on Campbell Scientific
CR10X and 21X dataloggers, and hourly averages computed
for 4 wk beginning on 3 July 2001.

Hourly soil temperature profiles from the 2- to 15-cm depths
were fit with second-order polynomials, which were differenti-
ated to obtain the temperature gradient at 6 cm. The hourly
\ values were combined with the hourly temperature gradients
to obtain G by the gradient method (Eq. [9]). Soil water content
was measured by collecting five 1.9-cm-diam. soil cores several
days each week. The cores were composited by depth incre-
ment and dried at 105°C for 24 h. A soil bulk density of 1.13
Mg m* was determined from three 7.6-cm-diam., 7.6-cm-long
cores collected at the outset of the experiment.

RESULTS
Laboratory Experiment

Performance of a particular plate design is a function
of the difference between A\, and X\ and the plate geome-
try represented by r in Eq. [1]. The predicted G,/G for
each of the plate designs used in this study for soil A from
0.2t02.4Wm 'K !'shows that errors in G estimates can

be as large as —55% at A >> \,, (Fig. 1). There is a
distinct contrast in the trend in G,,/G between the three
plate types with A, = 0.4 W m~! K~! (GHT-1C, 610,
and CN3) and those with A, = 0.8 (HFPO1SC, HFT1.1,
and HFT3.1). Values of G,/G for the plates with \,, =
0.8 are generally within 20% of unity and approach a
linear change with changing \. The G, /G curves for the
plates with A,, = 0.4 are curvilinear with more extreme
values at both low and high A.

As illustrated in Fig. 1, the three flux plates with \,, =
04 W m~! K™!' (GHT-1C, 610, and CN3) would be
expected to give relatively accurate estimates of G in
dry sand having N = 0.36. However, results for the dry
sand tests indicate that each of these plates significantly
underestimated G by an average of 16.6 to 38.5% over
all flux densities (Fig. 2). Contrary to Fig. 1, G,, values
for the flux plates with A, = 0.8 (HFPO1SC, HFT1.1,
and HFT3.1) all averaged slightly less (3.5, 8.6, and
2.4%, respectively) than the sand G. For the dry sand
experiments; only the HFPO1SC and HFT3.1 plate G,
regression slope estimates bounded 1 within a 95% con-
fidence interval. The slope of all other plate G,, regres-
sions were significantly less than 1. The slope estimates
of the regression equations ranged from 0.61 (610 plate)
to 0.98 (HFT3.1 plate), with R? values all >0.999. As
the saturated sand had a \ 1.8 to 8.6 times greater than
the flux plate A, values, values of G, for all plates were
expected to be significantly lower than the saturated
sand G. The data are in agreement with this expectation,
as average values of G, ranged from 13.1% (HFT1.1
plate) to 73.2% (610 plate) lower than the sand G (Fig.
2). None of the 95% confidence intervals for the G,
regression slope estimates bounded 1, indicating that
no plate produced a statistically accurate estimate of
the saturated sand G. Regression slope estimates for
the plates in saturated sand ranged from 0.27 (610 plate)
to 0.88 (HFT1.1), with R? values all >0.99.

A comparison of predicted (Eq. [1]) and measured
G,/G in dry sand showed that the measured G,/G values
were consistently lower than predicted, varying from
9.9% lower for the HFPO1SC plate to 37.4% for the 610
plate (Table 2). The HFPO1SC plate has a comparatively
greater A, and smaller r (a small 7 implies less distortion
of heat flow) than the 610 plate, which had a smaller
A and larger r. For the plates with \,, = 0.8, the lower
than predicted G,/G may be attributed to poor thermal
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Fig. 1. Predicted ratio of heat flux density through each plate to that through the soil (G,/G) at varying soil A determined from Eq. [1].

contact between the dry sand and the plate surfaces.
Fuchs and Hadas (1973) discussed the effects of thermal
contact resistance on flux plate performance, noting that
contact resistance would increase with increasing parti-
cle size. Thus, it is possible that a significant contact
resistance occurred during the laboratory experiments
with this medium sand. For the saturated sand, mea-
sured G,/G values were within 10% of the predicted
values for each of the plates with A,, = 0.8; however,
large differences were observed for the other three
plates (Table 2). For two plates (GHT-1C and CN3),
the measured G,/G values were significantly greater
than predicted, indicating that the plates performed
much better than predicted in this high A media.
Application of the heat flow divergence—convergence
correction described in Eq. [1] had mixed results with
regard to improving agreement between G, and the
known sand G (Fig. 3). Use of a = 1.31 instead of 1.70
as shown in Eq. [7] was found to provide better overall
agreement between corrected and known G for the
GHT-1C and CN3 plates and was used throughout the
analysis. For dry sand, the Philip correction improved
plate performance only for the two plates with the low-
est A\, (GHT-1C and 610). For each of the other plates,
the correction progressively reduced the G,, estimates
with increasing \,, for an average reduction of 8.4%.
Each of the plates with A, > 0.36 was predicted to
produce G,, > G, so the correction reduced instead
of increased these G, thereby failing to improve the
agreement. The average difference between G, and G
for all plates was —14.9% without and —19.5% with the
Philip correction. The reverse was true for the saturated
sand where the correction improved the average agree-
ment between G, and G from —36.3% to +2.2%. It is
expected that thermal contact resistance would decrease
with increasing water content as water would fill voids
at the plate surface and improve heat transfer between
plate and soil. Although Eq. [1] improved the perfor-
mance of all six plate designs, the correction resulted
in an overcompensation for the GHT-1C and CN3

plates. For example, the raw data for the GHT-1C plate
were on average 40.4% lower than the saturated sand
G but after applying the Philip correction, the corrected
G, values were now 25.2% greater that the sand G.

Field Experiment

Data from Day 207 (26 July 2001) were used as an
example data set from the field experiment to illustrate
the performance of the different plate designs under
field conditions (Fig. 4). Day 207 was a sunny day with
moist soil following ~20 mm of precipitation on Day
205. Accurate values for the soil N\ are necessary not
only for determination of G by the gradient method
(Eq. [9]) but also for use in Eq. [1] to facilitate the heat
divergence—convergence correction. The measured soil
N at 6 cm for Day 207 was 1.13 = 0.06 W m™! K!
(mean * STD) at a volumetric water content (6) of 0.25.

The G determined by the gradient method was consis-
tently larger than all uncorrected plate G,, values except
one of the HFT1.1 plates. In general, there was relatively
poor agreement between duplicate plates, with the ex-
ception of the 610 plates, which were in close agreement
although at very low values of G,,. Values of G,/G were
0.29 to 1.02 for the two HFT1.1 plates, averaged ~0.60
for the GHT-1C and CN3 plates, and averaged only
0.32 for the 610 plates. The Philip correction increased
the G,, values for all plates and brought the metal-
sheathed plates (GHT-1C and CN3) into close agree-
ment (average G,/G > 0.97) with the gradient G. When
comparing plate performance in the field with the labo-
ratory results (Table 2), the 610 plate consistently exhib-
ited the greatest difference between predicted and mea-
sured G,/G. The metal-sheathed plates (GHT-1C and
CN3) showed a progression of G,,/G ratios that increased
with increasing soil A from underestimates in dry sand
to overestimates in wet sand with the best agreement
for the Canisteo soil. The poor agreement between the
two HFT1.1 plates in the field makes comparison with
the laboratory data difficult, although the excellent per-
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Fig. 2. Average heat flux density through each type of flux plate compared with the known flux density through the sand. Error bars represent

Table 2. Plate thermal conductivity (\,), geometric shape factor from Eq. [1] (r) and a comparison of the predicted and measured
G,,/G for each plate in dry and wet (saturated) sand and in the Canisteo soil.

GHT-1C 610 CN3 HFP01SC HFT1.1 HFT3.1

Ay Wm 1 K™! 0.26 0.33 0.4 0.8 1.0 1.22

r 0.110 0.117 0.188 0.071 0.116 0.116
Dry sand (A = 0.36)

Predicted G,,/G 0.948 0.982 1.033 1.071 1.144 1.161

Measured G,,/G 0.804 0.615 0.834 0.965 0.914 0.976

Difference, % -15.2 -374 -19.3 -9.9 -20.1 -15.9
Wet sand (A = 2.25)

Predicted G,,/G 0.476 0.463 0.404 0.821 0.802 0.857

Measured G,,/G 0.596 0.268 0.488 0.818 0.869 0.783

Difference, % +25.2 —-42.1 +20.8 -0.4 +8.4 -8.6
Canisteo (A = 1.13)

Predicted G, /G 0.676 0.675 0.691 NAT 0.976 NA

Measured G,,/G 0.614 0.322 0.600 NA 0.674 NA

Difference, % -9.2 —52.3 -13.2 NA -30.9 NA

T Not available. HFP01SC and HFT3.1 plates were not installed in the field.
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Fig. 3. Average corrected (using Eq. [1]) heat flux density through each type of flux plate compared to the known flux density through the sand.

formance of one plate (G,/G = 1.02) does suggest that
this plate can perform very well in fine-textured soil
with a \ similar to A,

DISCUSSION

Inconsistent performance of the Philip (1961) correc-
tion may be due to limitations of the theory, inability
to accurately represent flux plate properties, and failure
to include other factors such as contact resistance and
liquid water and vapor flow divergence. The derivation
of Eq. [1] is developed from a solution to Laplace’s
equation for steady-state heat flow in an oblate spheroid
of uniform A\, embedded in an infinite volume of mate-
rial with different \ (Carslaw and Jaeger, 1959). Uncer-
tainty in the empirical shape factor a of Eq. [1] has
already been discussed. Heat flux plates may not be
well described by the oblate spheroid physical model
as, for instance, all types tested in this study were flat
with rounded edges. In most applications, there is only

a thin layer of soil above the plates, which violates the
criteria of an infinite volume of media. The effect of
such inconsistencies between the theory and the physical
model on the accuracy of Eq. [1] are unknown and
would be difficult to quantify given the scale and degree
of variation in plate and soil thermal properties.

The simplified form of H described in Eq. [3] assumes
that m is “small”; however, no criterion was given. An
analysis was completed to determine whether this sim-
plification led to significant error for the plate designs
used in this study. A comparison of the full expression
and single term power series approximation of H indi-
cates a small but systematic error is introduced when
the approximation is used (Fig. 5). This error ranges
from 2.9% for the HFPO1SC plate to 10.6% for the CN3
plate and would effectively increase the magnitude of
the G, corrections by these percentages. Nonetheless,
use of the full expression for H would not significantly
improve the performance of the correction.

Each flux plate design includes several materials (i.e.,
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Fig. 4. (A) Uncorrected and (B) corrected G,, on Day 207 for pairs of four types of heat flux plate at 6 cm in Canisteo soil compared with G

determined by Eq. [9].

epoxy, metal, glass, phenolic) that likely produce vary-
ing thermal properties across the plate body and perhaps
at different depths within the plate. For instance, the
HFT1.1 and HFT3.1 plates have a 204-mm? thermopile
embedded in the center of the circular disk with an area
of 1134 mm?. The area of the thermopile is equivalent
to 18% of the plate’s face area, and heat flow through
this area in the center of plate is likely somewhat differ-
ent than near the edges. By comparison, the HFPO1SC
and CN3 plate thermopile areas represent 16 and 50%
of the respective plate face areas. Although any such
anomalies may be compensated for during calibration
procedures, there is no accommodation for nonuniform
A\n in the Philip correction.

Uncertainty in A\, obviously impacts the ability to
accurately apply Eq. [1]. Some manufacturers provide
a A, that is the \ of the material that comprises the core
or majority of the plate volume. Other manufacturers
provide a measured \,,; however, there is no standard
protocol for determining \,. The lack of standardized
procedures for plate testing and calibration not only
affects A\, estimates but also introduces uncertainty re-
garding the accuracy of G,. A fundamental criterion
for application of the Philip (1961) procedure is that G,
is accurately known. If, for instance, the plate calibration
procedure focuses on matching the thermopile signal to
heat flow through the calibration media, it is not at all
assured that the resulting value for G,, actually repre-
sents heat flow through the plate itself. The error in

G, would likely be least when the N of the plate and
calibration media are similar and contact resistance is
minimal.

Philip (1961), in summarizing the limitations of his
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Fig. 5. H vs. n as defined in Eq. [2], with H determined from the
full representation and from the single term of the power series
approximation described in Philip (1961).
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analysis of the theory of heat flux plates (meters), ob-
served that “... uncertainties about thermal contact
must set a very real limit to the accuracy of heat flux
meters in media such as soils.” To reduce thermal con-
tact resistance between the flux plates and soil, Fuchs
and Hadas (1973) suggested that plates be designed with
high thermal conductivity metal exteriors. Two of the
plate designs evaluated here had metal sheaths on the
faces of the plate (GHT-1C and CN3); these were the
same two plates that performed much better than pre-
dicted in saturated sand. Since contact resistance is a
function of air gaps between the plate and soil, differ-
ences in soil particle size, structure, and water content
would all affect contact resistance and thus plate perfor-
mance. For these reasons, Fuchs and Hadas (1973) and
Hogstrom (1974) advocated in situ calibration to assess
plate performance and minimize the potentially con-
founding effects of varying contact resistance.

The field data set illustrates some of the difficulties
in making accurate G measurements in the field and
the challenges for using Eq. [1] to obtain more accurate
estimates of G. Even though all eight plates were in-
stalled at the same time using the same procedure in
what appeared to be a uniform soil, there was poor
agreement between some pairs, in particular for the
HFT1.1 and GHT-1C plates. Unlike the laboratory ex-
periment, it is very difficult to ascertain whether differ-
ences between G measurements in the field are due to
sensor performance (i.e., high thermal contact resis-
tance), spatial variation in G, or liquid water or water
vapor flow divergence. In addition, G measured by the
gradient method is also subject to uncertainties. Contact
resistance errors are very difficult to detect under field
conditions, even if the plate is exposed for inspection. It
is generally assumed that soil wetting and drying cycles
improve thermal contact between plate and soil as, with
time, the soil particle arrangement conforms to the sur-
face of the plate. If uniform soil properties and G can
be assumed, then three of the four plates with the Philip
(1961) correction appear to have potential to produce
acceptable G estimates in this structured clay soil. The
610 plates, as in the laboratory experiments, clearly sig-
nificantly underestimate G and the correction fails to
bring the plate G,, values into acceptable agreement
with the gradient G.

Impermeable flux plates do impede the flow of liquid
water and water vapor (Mayocchi and Bristow, 1995),
which may include the transfer of latent heat that is not
sensed by the plate. Water flow divergence may also
result in a different water content and therefore \ in
the soil immediately above and below the plate. This
nonuniformity of soil A could have significant effects on
both flux plate performance and any attempt to apply
the Philip correction. Even when accurate measure-
ments of G are obtained at the plate depth, G at the
soil surface is often desired for surface energy balance
calculations. Failing to account for heat storage in the
soil layer above the flux plates introduces another signif-
icant source of error in the estimate of surface G (Sauer
and Horton, 2003), but even this correction is still some-
times ignored (Wilson et al., 2002).

The availability of inexpensive soil heat flux plates

and the wide use of dataloggers has led to the practice
of installing one to several flux plates at a shallow depth
and accepting the measured G with limited examination
for potential errors. While significant progress has been
made in field instrumentation used in soil thermal prop-
erty and micrometeorology research, the technology be-
hind soil heat flux plates has remained relatively un-
changed for at least two decades. It is readily apparent
that there is potential for significant errors in measured
G associated with the use of heat flux plates including
heat flow distortion, thermal contact resistance, and wa-
ter flow divergence. Much greater attention to errors
in G measurement is warranted and necessary to im-
prove the accuracy of G measurements similar to the
technological improvements of associated turbulent flux
and soil thermal property measurements. Recent ad-
vancements in flux plate technology include the devel-
opment of the HFPO1SC flux plate with an internal
heater element that allows an in situ calibration to the
adjacent soil thermal properties. Another promising de-
velopment is the design of a printed circuit flux plate
thatis very thin and may allow for a perforated construc-
tion that would eliminate water flow divergence (Robin
et al., 1997). Such efforts are needed to continue the
evolution of flux plate designs that minimize errors due
to heat and water flow divergence and thermal con-
tact resistance.

CONCLUSIONS

Flux plate measurements of G are likely to include
significant errors that are not widely identified nor fre-
quently addressed. Each type of flux plate evaluated
routinely underestimated G in both controlled labora-
tory experiments with sand and in a structured clay soil
in the field, with errors ranging from <10% to >70%.
The range of errors was in broad agreement with those
predicted by the Philip analysis; however, the correction
procedure was found to be useful primarily when N >
A and then not for all plate types. These findings are
consistent with previous research and suggest that limi-
tations to the underlying theory, uncertainty in plate
thermal properties and heat flow through the plate, con-
tact resistance, and water flow divergence may all con-
tribute to the observed unsatisfactory performance of
the Philip correction.

Even if the limitations of the Philip analysis could
be addressed, correction for heat flow distortion would
require continuous measurement of soil \ near the plate
and calculation of G, /G as N changes. This process
would not be trivial for any long-term field experiment
(i.e., energy balance studies), especially in humid re-
gions with significant wetting and drying cycles in sur-
face soil layers. Results of this study indicate that it is
doubtful whether further effort to enhance the Philip
(or any similar) correction is warranted. Recent ad-
vancements such as the in situ calibration capability of
the HFPO1SC plate may provide an integrated and di-
rect approach for addressing heat flow distortion errors.
More accurate field measurements of G will likely result
if research emphasis is directed to investigating innova-
tive new sensor designs that avoid or minimize heat flow



588 VADOSE ZONE J., VOL. 2, NOVEMBER 2003

distortion and/or provide direct, in situ calibration capa-
bility.
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